Abstract b-Type titanium alloys are promising materials for orthopaedic implants due to their relatively low Young's modulus and excellent biocompatibility. However, their strength is lower than those of a-or a ? b-type titanium alloys. Grain refinement by severe plastic deformation (SPD) techniques provides a unique opportunity to enhance mechanical properties to prolong the lifetime of orthopaedic implants without changing their chemical composition. In this study, b-type Ti-45Nb (wt%) biomedical alloy in the form of 30 mm rod was subjected to hydrostatic extrusion (HE) to refine the microstructure and improve its mechanical properties. HE processing was carried out at room temperature without intermediate annealing in a multi-step process, up to an accumulative true strain of 3.5. Significant microstructure refinement from a coarse-grained region to an ultrafine-grained one was observed by optical and transmission electron microscopy. Vickers hardness measurements (HV 0.2 ) demonstrated that the strength of the alloy increased from about 150 to 210 HV 0.2 . Nevertheless, the measurements of Young's modulus by nanoindentation showed no significant changes. This finding is substantiated by X-ray diffraction analyses which did not exhibit any phase transformation out of the bcc phase being present still before processing by HE. These results thus indicate that HE is a promising SPD method to obtain significant grain refinement and enhance strength of b-type Ti-45Nb alloy without changing its low Young's modulus, being one prerequisite for biomedical application.
Introduction
Pure titanium and its alloys are frequently used in biomedical applications as implants due to their excellent mechanical properties, high corrosion resistance [1] [2] [3] [4] and better strength/weight ratio compared to other metallic materials [5, 6] . Apart from mechanical properties, they also exhibit good biocompatibility, which is an essential requirement to avoid inflammation and long-term diseases [7] .
a-Type commercially pure titanium (CP-Ti) and a ? btype Ti-6Al-4 V are well-known biomaterials which are commonly used as orthopaedic implants so far [4, 8] . However, their Young's modulus of about 100-110 GPa [1] is well above the Young's modulus of bones [1, 9, 10] . This mismatch might cause absorption of bone and premature failure of the implant during utilization as a result of stress shielding effect [1, 2, 10, 11] . In addition, Ti-6Al-4 V alloy contains toxic elements such as Al, which causes neurological diseases like Alzheimer, Osteomalacia and metabolic bone diseases [12] , and V which is incompatible with tissue in animals [5] . On the other hand, b-type titanium alloys are promising biometallic materials since they usually contain nontoxic elements and exhibit relatively low Young's modulus compared to a-and a ? b-type alloys [2, 13] .
Among b-type titanium alloys, Ti-Nb binary alloys consisting of 40-45 wt% of b-stabilizer non-toxic [13] and non-allergic [14] niobium are attractive orthopaedic materials due to their lowest Young's modulus of *62 GPa [2, 8] . On the other hand, mechanical strength of b-type alloys is significantly lower than those of CP-Ti and Ti-6Al-4 V. Enhancement in mechanical properties to prolong the lifetime of the implant without alloying is possible by severe plastic deformation (SPD) [4, 15, 16] . In recent years, a number of SPD techniques have been developed, including equal-channel angular extrusion (ECAP) [17, 18] , high-pressure torsion (HPT) [10, 19] , accumulative roll bonding (ARB) [20] and hydrostatic extrusion (HE) [21, 22] . They bring about grain refinement down to sub-micron scale [21] . The characteristic features of SPD materials include deformation-induced high-angle grain boundaries [23] and high dislocation density inside the grains [24] . Also, the reduction of grain size contributes to enhancement of both the strength and the fatigue limit [25] , which is quantitatively described by the Hall-Petch relationship [26, 27] .
It has been demonstrated that HE is an efficient method to reduce the grain size in metallic materials [28, 29] . The grain size depends on the material being processed and process condition, e.g. accumulated strain. The typical grain size ranges from 500 nm for pure Al, 60 nm for a 7475 Al alloy and 50 nm for CP-Ti [21, 28, [30] [31] [32] . In this paper, we report recent results on microstructure and mechanical properties of b-type Ti-45Nb biomedical titanium alloy processed by hydrostatic extrusion.
Experimental
The material studied was a b-type Ti-45Nb (wt%) alloy with chemical composition given in Table 1 .
Ti-45Nb alloy was supplied in the form of hot-extruded bar, 42 mm in diameter, featuring an average grain size of 23 lm, hereafter denoted as coarse-grained (CG) sample. HE was performed at room temperature (293 K) in a multistep process (six passes). The initial diameter was 30 mm, whereas the final one was 5 mm, which correspond to a total true strain of 3.5 (the true strain is calculated by e = 2ln(d i /d f ), where d i is the initial and d f is the final diameter, respectively). The direction of the HE was parallel to the longitudinal direction of the bar and the measured hydrostatic pressure was about 1 GPa during each pass. The parameters of all stages of HE are summarized in Table 2 . HE-processed samples are denoted HEx, where x stands for sample's diameter.
The microstructure was observed using optical and transmission electron microscope (TEM) Jeol JEM 1200 (operated at 120 kV). All TEM samples were prepared from transverse sections of the specimens. The revealed microstructures were quantitatively described in terms of grain size using equivalent diameter d 2 , which is defined as the diameter of a circle which has the same surface area as the measured grains. Phase characterizations were carried out by X-ray diffraction (XRD) analysis (AXS Bruker D8 diffractometer) using a Cu K a radiation (k = 0.154 nm) with 0.8 mm spot size for transverse sections of all samples after mirror-like polishing.
Microhardness tests were performed using a Zwick Roell ZHU 2.5 testing facility by means of Vickers hardness. All indentations were carried out using a load of 200 g (HV 0.2 ) for ten measurements on transverse section of each specimen. Then, the average value and the standard deviation were calculated (see Fig. 1 ). Micro-tensile specimens were prepared in dumbbell-shaped form by spark erosion machine along the extrusion direction with a total length of 8 mm, 0.75 mm width, and 0.45 mm thickness with the parallel gauge length of 2.5 mm. Tensile tests were carried out for CG and HE5 samples at room temperature with constant crosshead speed and initial strain rate of 10 -3 s -1 (see Fig. 2 ). Nanoindentation measurements were carried out with a load rate of 100 mN/20 s using a Vickers indenter (creep at 100 mN for 30 s and thermal drift at 10 mN for 60 s) to reveal changes in Young's modulus. The method of Oliver and Pharr [33] was used to determine the Young's modulus from loaddisplacement curves (the Poisson's ratio was assumed to be 0.41). Twenty-five indentations have been applied per specimen. The average values of Young's modulus as well as of standard deviation were calculated (see Fig. 3 ).
Results and discussion
HE processing induces a significant increase in the microhardness, as illustrated in Fig. 1 . The most pronounced hardening is observed for the low values of applied strain; then the microhardness tends to stabilize and shows even a decrease for the highest applied strain. Especially the latter can be attributed to recovery and recrystallization processes, which are likely to take place during subsequent passes of HE [32] , and also occur in other SPD techniques as cold rolling [34] and HPT [35, 36] , respectively. In general, the microhardness increased from 149 HV 0.2 for CG sample to 195 HV 0.2 obtained for HE7 sample (which corresponds to a true strain of 2.83). Figure 2 shows the stress-strain curves of CG and HE5 specimens obtained by micro-tensile tests. The ultimate tensile strength increased by 50 % from 445 to 663 MPa and yield stress increased by 45 % from 430 to 620 MPa. It is worth noting that the fracture strain of HE5 sample has only slightly changed from 23 to 21.7 %, despite the fact that SPD materials generally exhibit reduced ductility [37] . This is a favourable characteristic for metals intended for orthopaedic applications. Figure 3 shows load versus displacement curves and the changes in Young's modulus during the consecutive HE processing steps. The values of Young's modulus measured with the highest HE deformation did not exceed 68.8 GPa which is only slightly higher than 62.7 GPa measured for the CG samples. This increase corresponds to about 9 % only, and thus fulfils the requirement that any strengthening procedure in Ti-Nb biomedical alloy should not increase the Young's modulus too much in order to avoid the stress shielding effect and thus the gradual deterioration of bone material, as it may occur with conventional a-type titanium alloys having a Young's modulus of about 110 GPa. It should be noted that Matsumoto et al. [38] reported for another b-type alloy (Ti-35Nb-4Sn) that Young's modulus decreases as a function of strain applied in cold rolling. This was attributed to the transformation of b-phase to orthorhombic a 00 one. The alloy investigated in the present study has higher Nb content, which not only stabilizes b-phase but also facilitates b to x transformation, as reported and discussed within this paper later on. Such a transformation may result in an increase of Young's modulus, since x-phase is stiffer than the b one.
In order to maintain the Young's modulus at a relatively low level typical of b-Ti alloys, it is essential to avoid any phase transformation during processing. Figure 4 shows XRD patterns of all samples before and after different strains of HE. The results show that all peaks correspond to the b-phase, which suggests that no phase transformation takes place during HE processing. The variations in the peak intensity can be attributed to the changes in crystallographic texture, which is a consequence of the HE process. One could also argue that these changes in texture cause the variations in microhardness and/or Young's modulus shown in Figs. 1 and 3b , respectively. However, two facts speak against this suspicion: (i) Vickers microhardness is known to be not too sensitive to lattice orientation and thus to texture changes; (ii) calculations of changes in Young's modulus according to texture changes cannot reflect the experimental data, according to recent investigations which will be published elsewhere [39] . The microstructure of the CG sample as inspected by optical microscopy consists of equiaxed b-grains with an average grain size of 23 lm, as illustrated in Fig. 5a . HE processing brings about a significant microstructure refinement (Fig. 5b) . However, the microstructure after HE is quite heterogeneous and, as illustrated in Fig. 6 , some typical regions can be distinguished.
The first typical region consists of relatively small elongated grains, as shown in Fig. 6a . The diffraction pattern in the form of rings suggests different orientations of individual grains, and the presence of high-angle grain boundaries between them. The average grain size was found to be about 300 nm. This region seems to be the most advanced stage of grain refinement reported in this study. Inside the small grains, the density of dislocations is relatively high, but they are not arranged in special substructures. The amplitude contrast changes within some grains which can be attributed to the existence of residual stresses.
The remaining microstructure shows a deformation substructure. It consists of relatively large grains with h011i direction parallel to the extrusion direction (the diffraction pattern was taken at zero tilt). Inside the grains, low-angle grain boundaries are present (Fig. 6b) and some deformation twins with habit plane of {121} typical for bcc metals (Fig. 6c) can be recognized.
As the microstructure exhibits different types of substructures, each of them will give different reactions to applied stress. High-angle grain boundaries and mechanical twins seem to act as obstacles to dislocation motion causing a strengthening effect [40, 41] . However, the presence of relatively large grains with dislocations and low-angle grain boundaries indicate that the material can even accumulate more strain [42] , so that it allows applying further HE stages based on the same requirements. The co-existence of small and large grains allows for both enhancement of strength and almost stable strain [43] . This can explain why the values of fracture strain observed for both CG and UFG specimens are almost identical. Compared to CP-Ti (HE processed at ambient temperature with a total true strain of 3.77) examined by Topolski et al. [44] , the improvement of mechanical strength by HE in Ti-45Nb is lower (Figs. 1, 2 ). In the case of CP-Ti, the improvements were between 110 % (ultimate tensile strength) and about 250 % (yield strength).
The reason of the different efficiency of HE in terms of strengthening in those materials can be attributed to less advanced process of grain refinement in the Ti-45Nb alloy. In the case of CP-Ti, a homogeneous microstructure with an average grain size of 55 nm was obtained, while for the current b-type titanium alloy, only a fraction of microstructure exhibited grains with sizes below 1 lm. The different potentials for grain refinement can be attributed to different mechanisms of plastic deformation taking place in hcp (a) and bcc (b) titanium. In a-Ti, grain refinement occurs via the combination of various twinning modes and dislocation glide [45] . Detailed studies were done for different ECAP routes and have shown that the final microstructure strongly depends on the number of active slip systems induced by stress conditions defined by deformation route. Such an analysis has not been done for b-Ti. However, deformation in bcc metals is expected to be significantly different from deformation in hcp metals since the close-packed direction h111i belongs to many planes in contrast to the hcp case. As a result, the formation of dislocation jogs in bcc lattice structure occurs rarely compared to the hcp lattice [42] , and the grain refinement is less advanced.
Careful inspection of the microstructure revealed in some places a zig-zag structure (Fig. 7) , which can be described as a combination of x-phase with deformation twins caused by shearing [46] . Diffraction pattern presented as an inset displays diffusive lines between spots of (200) and (110) planes in [011] zone axis pattern. Such lines may be caused by scattering by x-phase as reported by Yano et al. [47] . The presence of small amount of x-phase can explain the observed variations in Young's modulus in HE-processed samples as Young's modulus of x-phase is higher than that of b-phase [48, 49] . However, this will be a subject of more detailed investigation in near future. 
Conclusions
In the present study, it has been shown that HE is an efficient technique in tailoring mechanical properties of btype Ti-Nb alloy. The strength was significantly improved by 45 % due to grain boundary and dislocation strengthening mechanisms. The Young's modulus was kept at a low level (below 70 GPa), thanks to maintaining almost a single-phase b-structure during HE processing. Furthermore, HE processing did not deteriorate plasticity of highstrength material which can be attributed to the presence of large grains, which still have ability to accommodate plastic deformation during further straining.
